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636 FLUORINE 

Nitrozen Nitrogen does not react with fluorine under ordinary conditions and 

(k^toa.aenoo ,»d radon) »f°™^^ n 4 tl «f a Zride, XeF., U opined 
aenTS'Cunde^^^^ 

under development (41) Uee ^'^^S ne in ft. vapor phaaeto pro- 
Amm ?? J^uT SnS FTh f^^onUditfieulttocontrol in the vapor 

i„ a molten ammoniun .acid, "^f-^^Une with organic compound,. 

reacfon tem P er * ure t S <^ of organic vapors, originally 

The latter is used n the J^S^TifSit place over a metal reactor packing such / 

by reducing local heating. ^v fin nc rpflct ^th elemental fluorine 

pr^ll^^ 

r^X^rnS^ 

""f direct nuorination of uracil ,2.4-pyrimidinedione) C.N*H A in aoueoue 
solution to live Muorouracil <5.nuo,o.2,4- P vr,m,d,n e d.o M >, C.1WO,, has been 
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DIRECT FLUORINATION ) 

Organic compounds containing fluorine are well known for their special properties, 
especially their inertness and very low boiling points and comparatively high melting 
points. Binary compounds of carbon and fluorine, commonly called fluorocarbons, 
can be traced back to Moissan who, in 1886, discovered and isolated fluorine (1). Initial 
attempts at reactions between fluorine and hydrocarbons were described as similar 
to combustion and the reaction products contained mostly carbon tetrafluoride and 
hydrogen fluoride: 

(4x +y\ 
— £-H F 2 — x CF 4 + y HF + large amount of energy 

This reaction has often reached explosive proportions in the laboratory. In 1940-1965 
several* methods were devised for controlling it. Thus, for fluorination of hydrocarbons 
of low molecular weight at room temperature or below, yields as high as 80% of per- 
fluorinated products have been reported together with partially fluorinated species 
(2-4). However, in a typical fluorination reaction involving elemental fluorine with 
complex hydrocarbons at elevated temperatures, appreciable cleavage of the car- 
bon—carbon bonds occurs and the yields invariably are only a few percent. 

The simplest solid fluorocarbon (5) is poly(fluoromethylidyne) -(-CF-)^, CFX 
(MarChem), with a layered structure (see Fig. 1). It can be synthesized by the reaction 
of fluorine with graphite at 300-600° C and fluorine pressures up to 101 kPa (1 atm) 
(6-7). Other solids (C 4 F, C 2 F, etc) have also been reported from the reaction of F 2 with 
graphite (8-9). This material is a grayish to white powder of variable stoichiometry 
and stable up to 600°C in air. It has a very low coefficient of friction, similar to Teflon, 
and is an excellent lubricant which can be used up to 600° C, surpassing Teflon which 
softens and decomposes above 350°C (see Polytetrafluoroethylene). When -fCFx-)-* 
decomposes above 650° C, it yields mainly carbon black (finely divided soot) and the 
inert gas, carbon tetrafluoride (10). Thus, it can be used safely at high temperatures 
without any risk of poisonous gases being produced on decomposition (5,11). 
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^^^IfSS^tS^S^ was ^ considered - the 

.. modern methods. It waT^eraUv MM A ZT 1* approaches were "*"ded as 
with hydrocarbons XfiStl * 1^°" ? elementaJ fl «^e 

halogen fluorides and e ec?rocLT c !u r S; . fl "°«des inorganic fluorides, or 
reagents Hydrogen Se^ 

,8 ' 1 Vfuorh? e t°° St f Widely 086(1 indu8trial fluorin S fagtnt 2 £22* ^ 
can tE^Sl? ^ mXclorides (14) 

(/) Exchange of halogen with fluorine of the metal fluorides, MF„: 

-pC—X + M+F- — —hC — F + M + X~ 



/ 



where n = CI, Br, or I and M = K, Sb, Ag, Hg 2 , or Hg. 

to doSle R bo P n a d C s: mCnt ° f hydf0gen With the nU0rine of ^ Sondes and addition 
^C-H + 2 MF, -^C-f + Hp + 2Mp _ 
/ C==C C + 2MF - — F^C-C^F + 2 MF„_, 

inwaSS^ 

£u!^ 
-ote^o^ 

at up to 400'C, all hydro™ atoms of a ^»rf 2 ^ Cobalt ^uoride 

product is the mally stable Sar adS " 5* replaCed by fluorine * *• 
to aromatic-nuclei takesXe Thte reatS, I * r^ Urated Iinka ^ and 

compound is swept over a bed of fluoride in a heated rfa^ 
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Thermochemistry 



Thermod 3^amic considerations are of utmost importance in fluorinations Table 
1 .s based on JANAF data (18) for CH 4 , which indicate an average carbon-hydrogen 

r£ST A TJX? 1 °? kCal/m0l) baSCd ° n the at0mi - tion energy of CH, 
Table 2 is based on JANAF data for tetrafluoroethylene. This is, perhaps, a pi choice 

smce the double bond in C 2 F 4 is extremely weak. Reliable enthalpies and tee enZ 

tunctions for the average double bond are only available at 25°C 

m ptJ5 e f limitin f P " ameter t0 be considered in attempting to develop a satisfactory 
method for controlling reactions of elemental fluorine is the weakest bond in the 
reactant compound. For hydrocarbons the average carbon-carbon single bond 

" ofacemit ft ^ ^ kca,/mo,) - The overa11 reaction fTthe^e 

f-X t u *mT " / UOrme U exothermic enou eh [AG* = -432.6 kJ/mol 
(-103^4 kcal/mol)] for a fracture of carbon-carbon bonds if it were to occur via a 
concerted mechanism or on several adjacent carbon atoms simultaneously. This enenrv 
must be dissipated so as to avoid the fragmentation of the molecular skeleton The 
comparison of 359.8 kJ/mol (86 kcal/mol) v S 430.9 kJ/mol (103 kcal/mol) has been cited 
in many previous discussions as an obvious basis to predict the failure of direct fluo- 

*™ZZ * S ' ° r ?-? Pid reaCti ° n rateS " Which were em P ,0 y ed in m <** previous 
experiments, this is a valid argument. 

It can be seen from Table 1 that there are no individual steps that are exothermic 
enough to break carbon-carbon bonds except the termination step 3a ox -407 9 
kJ/mol (-97 5 kcal/mol). Consequently, procedures or conditions are desirable that 

Hit'] f T ♦ U ° r T/ co , ncentration or decrease the mobility of hydrocarbon 
radical intermediates, and/or keep them in the solid state during reaction. It is nec 
essary to reduce the reaction rate to the extent that these hydrocarbon radical inter- ' 
mediates have longer lifetimes permitting the advantages of fluorination in individual ' 
steps to be achieved experimentally. It has been demonstrated by epr (electron : 
paramagnetic resonance) methods (19) that, with high fluorine dilution various . 
radicals do indeed have appreciable lifetimes. 

The two possible initiation steps for the free-radical reaction are step lb and the 
combination of steps la and 2a from Table 1. The role of initiation step lb inThe re 
fluorine (2 e oT " *" COnsiderati ° n in mini ™^ the concentration of atomic 

As indicated in Table 1 this process could be spontaneous at room temperature 
[AG25 - -24.4 kJ/mol (-5.84 kcal/mol)] although the enthalpy is slightly positive. 



Table 1. Thermodynamic Data' for Fluorination of OU, k|/mol " 

— Reaction Art 25 A^ 325 AG^ AC^ 

initiation la F 2 ~2F- 157 . 7 161.0 123 6 87 4 

lb F 2 + RH-R. + HF + F- i 6 .3 213 -Si Vol 

propagation 2a RH + F.-R + HF _ 14 1. 4 -139.7 -1512 -TS'q 

2b R. + F 2 -RF + F. -25.5 -290.8 -£ 9 Z%t t 

tercnanona 451 . 8 JgJ .gj 

fO K- + R. — R - R -350.6 -347.5 -294 ! -9*n a 

overall reaction RH + F 2 RF + HF . -430.5 -430.5 -432.6 
0 Based on JANAF table data (18). 
6 To convert J to cal, divide by 4.184. 
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The validity of this step has not yet been conclusively established by spectroscopic 
methods which makes it an unsolved problem of prime importance. Furthermore, the 
fact that fluorine reacts at a significant rate, with some hydrocarbons in the dark at 
temperatures below -78°C indicates that step lb is important and may have very little 
or no activation energy at RT. At extremely low temperatures (ca 10 K) there is no 
reaction between gaseous fluorine and CH 4 or C 2 H 6 (21). 

A simple equilibrium calculation reveals that, at 25° C and atmospheric pressure, 
fluorine is less than 1% dissociated, whereas at 325°C an estimated 4.6% dissociation 
of molecular fluorine is calculated. Obviously, less than 1% of the collisions occurring 
at RT would result in reaction if step la were the only important initiation step. At 
325°C the fluorine atom initiation step should become more important. From the 
viewpoint of energy control, as seen in Table 1, it would be advantageous to have step 
lb predominate over step 2a and promote attack by molecular rather than atomic 
fluorine. Ambient or lower temperatures keep the atomic fluorine concentration 
low. 

In the addition of fluorine to double bonds (see Table 2), the energetic situation 
is less severe, ie, the addition of fluorine to double bonds is only 251.4-292.9 kJ/mol 
(60-70 kcal/mol) exothermic per carbon— carbon bond. This energy is not sufficient 
to fracture the carbon skeleton if care is taken to keep addition from occurring on 
several adjacent carbon atoms simultaneously. Here, as in the case of hydrogen re- 
moval, the individual steps are less exothermic than the overall reaction. It has been 
established experimentally that less fragmentation occurs and, correspondingly, a 
higher yield is obtained with most conventional fluorination processes when an un- 
saturated rather than a saturated hydrocarbon is the starting material. This is owing 
to the greater exothermicity of the reaction with hydrogen, ie, 434.7 kj/mol (103.9 
kcal/mol) per saturated carbon atom as compared with 207-289.8 kJ/mol (50-70 
kcal/mol) per unsaturated carbon atom. In the case of addition of fluorine to double 
bonds (see Table 2), the corresponding initiation step 4b, is probably exothermic by 
20.7-190.4 kJ/mol (5-46 kcal/mol) and thus plays an important role. A second im- 
portant possibility is the concerted mechanism of step 5 which is exothermic by 
207.0-283.2 kJ/mol (50-58.4 kcal/mol) per carbon atom. 

Steric Factors 

Initially, most of the collisions of fluorine molecules with saturated or aromatic 
hydrocarbons occur at a hydrogen site or at a 7r-bond (unsaturated) site. When collision 
occurs at the 7r-bond, the double bond disappears but the single bond remains because 
the energy released in step 4b (Table 2) is insufficient to fracture the carbon— carbon 
single bond. Once carbon— fluorine bonds have begun to form on the carbon skeleton 
of either an unsaturated or alkane system, the carbon skeleton is somewhat sterically 
protected by the sheath of fluorine atoms. Figure 2, which shows the crowded helical 
arrangement of fluorine around the carbon backbone of polytetrafluoroethylene 
(PTFE), is an example of an extreme case of steric protection of carbon— carbon bonds 
(22). 

The nonbonding electron clouds of the attached fluorine atoms tend to repel the 
oncoming fluorine molecules as they approach the carbon skeleton. This reduces the 
number of effective collisions, making it possible to increase the total number of col- 
lisions and still not accelerate the reaction rate as the reaction proceeds toward com- 
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«n^^ n 1^^r** M the protective effect 

pletion. This protective sheath of fluorine atoms provides the inertness of Teflon » n H 
other fluorocarbons. It also explains the fact that greater 

been r 'i° T ted When the hydrocarbon to be fluorinate ^nadXSySen 
22^^?™^ I S °™ e 1 0ther Drocess or ™ Prechlorinated, ie, the protective 
sheath of halogens reduced the number of reactive collisions and allowed reactions 

^oceTis ° Ut 6XCeSSiVe CleaV3ge ° f carbon —°on bond, or runa^SSS 
Kinetic Control of the Rate of Elemental Fluorine Reaction. 

mJHu^T flu ° rination Passes, concentration, time, and temperature can be 
S Ued ' In most Drevious w ^k, the fluorine was diluted with an inert gas sul 
mtrogen helium, or even carbon dioxide. However, the concentration oSorine Tn 

3f? ^ k6P ' f V"!"? Bt leVel> ""^ 10% or by premixing XTnert 

gas with fluorine m the desired proportion and then introducing this mixture tata S 
reactor. The rate of reaction between a hydrocarbon compound L a 1^ fluor ^e 

S H " ^ ^ ^ eX ° thermiC ProCeSS Can lead ^Cenu on 
(see Table 3) and in some cases, to combustion. The initial stages of reacSaremo^ 
critical and nearly all the fragmentation occurs at this time. An miti^^ration 

fluoSatr 6 ° f m ° re m ° St C ° mP0UndS ' mUCh to ° h * h for nondestructive 
Molecular relaxation processes such as vibrational or rotational relaxations or 
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Table 3. Thermodynamic Data * for Ruorination of Qjc\^ in k| 6 per Carbon Atom Fragment 




1 H 3 C— CH 3 + F 2 ^2H 3 CF -266.1 -268.2 ^264.4 

2 * H3C—CH3 + 2 F- — 2 H 3 CF -344.8 -348.5 -329.5 



-261.5 
-305.4 



0 Based on JANAF table data ( 18). 
* To convert J to cal, divide by 4.184. 

thermal conduction make it possible to dissipate the energy released during fluo- 
rination. Such relaxation processes are capable of minimizing the chances that the 
energy required to break the weakest bond is appropriately localized if the reaction 
sites are widely distributed over the system. Therefore, in the initial stages of fluo- 
rination it is necessary to reduce the probability of adjacent reaction sites simulta- 
neously occurring in the same molecule, or in adjacent molecules in a crystal, by di- 
luting the reactants and relying on relaxation processes to distribute the energy over 
the entire system and thus avoid fragmentation. 

A very low initial fluorine concentration is used in the La-Mar fluorination process 
(17). Initially, the reactor is passivated with helium or nitrogen and fluorine is then 
fed slowly into the system. If pure fluorine at low pressure is the incoming gas, the 
fluorine pressure may approach one atmosphere over an extended time period. The 
very low concentrations of fluorine in the system greatly decrease the probability of 
simultaneous fluorine collisions on the same molecule or on adjacent reaction sites. 
As previously discussed, reactant molecules are able to withstand more fluorine col- 
lisions, as they become more highly fluorinated, without decomposition because some 
sites are sterically protected, ie, collisions at carbon — fluorine sites are obviously 
nonreactive. The fluorine concentration may therefore be increased as the reaction 
proceeds to obtain a practical reaction rate. Actual dilution schemes to achieve suc- 
cessful fluorination must be individually tailored for specific reaction systems and 
may, in some cases, include a stepwise procedure. 

Thus, for a successful fluorination process involving elemental fluorine, the 
number of collisions must be drastically reduced in the initial stages; the rate of flu- 
orination must be slow enough to allow relaxation processes to occur and a heat sink 
must be provided to remove the reaction heat. 

Most direct fluorination reactions with organic compounds are performed at or 
near room temperature unless: (7) reaction rates are so slow that even a fluorine 
pressure of 101.3 kPa (1 atm) does not lead to appreciable reaction; (2) a vapor-phase 
reaction is desired and it is necessary to heat the sample being treated to get enough 
vapor; or (3) reaction rates are so fast that excessive fragmentation, charring or de- 
composition occurs and a much lower temperature is desirable. 

Examples of all three types are known. Thus in the production of partially fluo- 
rinated lubricating oils (23) fluorine gas is bubbled at 101 kPa (1 atm) through medium 
weight oils at 50, 75, and 100° C. For production of fluorocarbon coatings on natural 
or synthetic rubber or polypropylene, temperatures of 25-50°C are optimum. The 
fluorination of hot hydrocarbon vapors like gaseous naphthalene or gaseous anthracene ' 

(24) is not too satisfactory because fragmentation and charring lead to low yields. 
Low temperature fluorination techniques (— 78°C) are promising for the prepa- 
ration of complex fluorifiafetf molecules, especially where functional groups are present 

(25) ; eg, fluorination of hexamethylethane to perfluorohexamethylethane, of nor- 
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bomane to perfluoro- and 1-hydroundecafluoronorbornane, and of adamantane to 
1-hydropentadecafluoroadamantane. aaamaniane to 

still f***™ 1 ^^™*™^™ been used to moderate the reactivity of fluorine 
stil further. Hydrocarbons such as methane, ethane, ethylene, allene, benzene Z 

mmT^X: C °-™ d °™ d int0 / solid matrix at 20 K wlth«S^ 

2? haS the studv of the activity of molecular fluorine without 

tTysts free ' radlCal Cha,n reactions - Atom tactions can be initiated by uvpnt 

thJ itZ** ab ^ r u Pt j 0n spe ^ trosc °Py P r <> vi des a convenient method of monitoring 
these react.ons Ethylene and propylene are particularly interesting since they can 
be kept .^definitely in solid fluorine in the dark but when exposed to near ir radiation 
1-2 Mm, fluorine is added across the double bond. Ethylene gives the S stable 
conformer of 1,2-difluoroethane. Under identical conditions propyl ne ret s n\Z 
rapidly which suggests that the presence of a methyl group hJJZZZ£££% 
Further formation studies of ethylene show that, when the fluorine is diluted with 
argon reaction w.th a single fluorine molecule leads to fluoroethyiene and Tydrogen 
fluor.de; thus the double bond is not attacked. As the concentration is increased Uhe 
production of trans-U-difluoroethane increases (28). The acceleration by Methyl 

den sSnwTfl dem ° n ^ ated bv the ™«™ of propylene immediately u P o„ con- 
densation with fluor.ne, This suggests that little or no activation energy barrier existe 
for reaction of these molecules with molecular fluorine. 

Experimental Techniques 

In early reaction systems (2-3,29-30) the vaporized hydrocarbon was combined 
with n.trogen m a reactor and mixed with a nitrogen-fluorine mixture from a pleated 
source. The jet reactor (4) for low molecular weight fluorocarbons wa s rim P or?ant 
n.provement. The process takes place at around 200-300'C, and tt^^j£S$ 
out in tne vapor state. 

^..hl^o^ 0 " 30 ? 00 . * anv . com P° un ds, both organic and inorganic, are marginally 
JSH ^ nly n0t m . their l0W6St ^iona! states. They may even undergo 
some pyrolytic decomposition. Thus the addition of extra energy produced by the 
interaction of fluorine with these compounds is likely to produS substantial frag 
l^Tn Va P° r ' zatlon of hi S h molecular weight hydrocarbons is rather difficult, 
and their fluoridation was not attempted in the earlier pioneering studies. ' 

(seeF^ Th! I 0 ™*? ZtTu &tUS ^ ^ theSe reactions is sim P le in design 
sTe T?b?i 2 «J? tT tHat ? C mat6rialS of constru ^ion are resistant to fluorine 

it~;I « } I \ P ? SenCe ° f 6Ven traces of oxygen or moisture can ^ve a del- 
eterious effect and, therefore, extreme precautions must be taken to eliminate these 
con tami nanus. 

The connections are conveniently made of 0.635 cm OD copper tubing When 
the fluorocarbon produced in the reaction is volatile, a cold finger-type trap can be 
placed between the reaction chamber and the trap to catch volatile products The 
temperature of he trap must be high enough to pass unreacted or excess fluorine and 
nitrogen but cold enough to condense the reaction products. Before the reaction is 
started, the whole system is purged with helium or nitrogen for ca 30 min, and then 
0.5-2 mL of fluorine and 50-100 mL of nitrogen per minute are passed through the 
fluorination h&S to be grOUnd to a very fine P° wd « to achieve complete 
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Figure 3. Diagram of typical fluorination apparatus. 



A special cryogenic reactor (33) in which the reactions of fluorine with liquid and 
gaseous samples can be controlled at very low temperatures is shown in Figure 4. 
Reactants are volatilized into the reaction zone of the cryogenic reactor from the heated 
oil evaporator prior to initiation of the reaction. The main reaction chamber is a nickel 
tube, 2.54 cm in diameter, packed with copper turnings. The compartments (10.1 X 
10.1 X 20.2 cm) are constructed of stainless steel and insulated with urethane foam 
and act as heat sinks. All connections are made of 0.635 cm copper or aluminum tubing. 
A sodium fluoridetrarj is used to remove the hydrogen fluoride from the reaction 
products. By cooling or warming the compartments, they can be used to create a 
temperature gradient along the reaction tube. As the products are highly fluorinated, 
they are usually volatile and tend to move through the reactor tube rapidly, depending 
on the temperature gradient. This provides a continually renewed surface of reactant 
at the optimum temperature for fluorination. Fluorinated copper turnings effectively 
increase the surface area of the compound exposed to fluorine. The individual zones 
of the reactor may be cooled with various solvent-solid carbon dioxide or with sol- 
vent-liquid nitrogen slushes. Preferably, the temperature is precisely regulated with 
an automatic liquid nitrogen temperature controller. In addition to the four-zone re- 
actor shown in Figure 4, a multizone reactor can also be used; an eight-zone reactor 
has been found to be particularly efficient (34). Internal Freon cooling is very effective 
for controlling the temperatures of the various compartments (35). 
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Table 4. Materials Resistant to Dry* Ruorine 
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Temperature, °C 



Fluorine-resistant materials 6 



25-150 



carbon (graphite, diamond) 
magnesium and its alloys 
iron and its alloys 
nickel and its alloys 
copper and its alloys 
metal oxides 
CaF 2 , LaF 3 , LaB 6 
copper 
nickel 
Monel 

carbon (graphite, diamond) 
nickel-aluminum alloys 
carbon (diamond) 

A1 2 0 3 , U0 2 , Th0 2 _ H 
At 2000°C carbon and other refractory metals react slowly to form gaseous.mono- or difluorides and other 
species; refractory oxides form volatile fluorides + 0 2 ; refractory carbides form metal fluorides + CF 4 - 
etc. ' 
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0 Moisture results in HF development and increased corrosion of metals. 
6 Protection of fluoride or fluorocarbon film. 



land 
re 4. 
;ated 
ickel 
).1X 
:bam 
bing. 
:tion 
ite a 
ited, 
ding 
tent 
ively 
ones 
sol- 
with 
ere- 
ctor 
:tive 




Figure 4. Cryogenic reactor system. 

Oxygen or moisture has to be excluded because the presence of oxygen leads to 
cross-linking, presumably with epoxy bridges, to carbonyl groups which give acid 
fluorides, and to peroxides (36). Cross-linking obviously decreases the yield of pure 
perfluorocarbon. It can be detected by ir activity in the 1600-2000 cm*" 1 region and 
by noting the polymeric nature of the products, ie, high melting points low vapor 

pressures, etc. BEST AVAILABLE COPY 



850 FLUORINE COMPOUNDS, ORGANIC 
Applications 



Direct fluorination, though it sometimes leads to degradation, cross-linking, and 
combustion can be control\ed and useful products derived (37). Even though direct 
fluorination sometimes produces a very low yield of desired products, it may offer the 
only possible method of preparation. Oxyfluorinatlon is a new technique (38) offering 
unique possibilities for the functionalization of fluorocarbons and for the preparation 
of fluoromembranes. 

In 1954 the surface fluorination of polyethylene sheets by using a water-cooled 
heat sink was patented (39). Later patents covered the fluorination of PVC (40) and 
of polyethylehe bottles (41). Studies of surface fluorination have been reported (42). 
The fluorination of polyethylene powder was described (24) as a fiery intense reaction, 
which was finally controlled by dilution with an inert gas at reduced pressures. Direct 
fluorination of polymers was achieved by Lagow and Margrave in 1970 (11,43). More 
recently, surface fluorinations of poly (vinyl fluoride), polycarbonates, polystyrene, 
and poly(methyl methacrylate), and the surface fluorination of containers have been 
described (44-45); Partially fluorinated poly(ethylene terephthalate) and polyamides 
like nylon have good soil release properties as well as high wettability (46-47). 

The following companies manufacture organic fluorine compounds by direct 
fluorination techniques: Air Products and Chemicals, Inc., Tamaqua, Pa.; MarChem, 
Inc., Houston, Tex.; Ozark-Mahoning, Inc., Tulsa, Okla.; and PCR, Inc., Gainesville, 
Fla. . 

Simple and Complex Organic Molecules. A great variety of new perfluoro and 
partially fluorinated compounds has been synthesized (48-5 4). The direct fluorination 
of CS 2 (49) has produced several derivatives including N §F5CF i ^(SF 3 ) 2 CF 2 , SF 5 CF 2 SF 3 , 
SF a CF 3 and F 3 SCF 2 SF 3 ; and the treatment of Si(CH3)7oree(CH 3 )4 with F 2 (50) can 
produce most of the Si-C-H-F or Ge-C-H-F species possible. The fluorination of 
Hg(CH 3 ) 2 yields Hg(CF 3 ) 2 . In all these cases, the identities of the products have been 
confirmed by elemental analyses, and ir, mass, and nmr spectra. Low temperature 
fluorination methods (33,48-50) lead to high yields of acid fluorides (55), perfluo- 
roethers (56), and other functionalized organic species (57). 

Direct electrophilic fluorination (52) of adamantane gives fluoroadamantane. 
Elemental F 2 was used for the selective functionalization of carbons-14 and 17 of the 
steroid nuclei as shown below (52): 

0 0 

II 



+ F. or CF,OF — * 



CH;COO' 



CH,COO' 




CCH, 



CHfOO' 



CHlCOO 1 




air 
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Hydrocarbon Polymers. It is difficult to produce perfluorocarbon polymers bv 
the usual methods Many monomers, such as hexafluoropropylene, polCS 
slowly because of the steric hindrance of fluorine. Furthermore, ioiSSSi « 
not very stable and are difficult to synthesize. Direct fluorination can be useTfo the 

J^SST? P ° lymerS (58) and f0r produc ^ Auorocarbo^ l <Z^ 

on the surfaces of hydrocarbon polymers (11,31,39-43,58-59). Some hydrocarbon 
polymers and the. hypothetical fluorocarbon perfluoro-analogues ^ shown 



<j:H 3 



CF, 



20 



polypropylene ' poly hexafluoropropylene 



r 



polyacrylonitrile 
OH 



30 *C 

f s ' 



CF 2 NF, 

H-CF.CF-h- 
perfluorinated polyacrylonitrile 



OH 

phenol -formaldehyde resin 
(novolac) 

OH 

HOH,C^ _ „CH.^ 1 CH N 




Hi 



CH, 



CH. 



W I|J F 



0 



perfluorinated cyclohexane 



Thus fluorocarbon polymers can be produced with chemical compositions verv 
Sim, ar to polytetrafluoroethylene by the direct reaction of fluorine with SSJS 
and the perfluoro analogues of polypropylene and polystyrene can be prepared These 
fluorocarbon polymers differ from the more familiar linearstructure Cause car 
bon-carbon cross-linking occurs to a significant extent during fluor natbn Most " 
these fluoropolymers are white solids with high thermal stability; some Te stab e fa 
a.r as much as 200»C above the ignition temperatures of their co^respondfag ^ydro 

P.E^T AWl AH] F QOPy 



852 FLUORINE COMPOUNDS, ORGANIC 



carbon precursors. Hydrocarbon polymers such as polyethylene and the new surfaces 
formed by direct fluorination have been studied by esca which shows that the surface 
is truly converted to a fluorocarbon polymer (60) (see Analytical methods). Most of 
these fluorocarbon surfaces are inert and many of them have good lubricant properties. 
The fluorination of PVC has been followed with esca and +CF x +n polymer was also 

identified (61). . . , . 

If solid polymers or polymer particles larger than ca 100 Mm are fluorinated, only 
surface fluorination results. Penetration of fluorine and the conversion of hydrocarbon 
to fluorocarbon can occur to depths of at least 0.1 mm. Fluorocarbon-coated objects 
should have many practical applications because the chemically adherent surface 
provides: increased thermal stability; resistance to oxidation and corrosive chemicals 
and solvents; decreased coefficient of friction, and thus decreased wear; and decreased 
permeability to gas flow. Unusual surface effects can be obtained by fluorinatmg the 
polymer surfaces only partially (62). 

Natural and Synthetic Rubber. Fluorination of natural or synthetic rubber creates 
a fluorocarbon coating (31,63-64) which is very smooth and water-repellent (see 
Waterproofing). Rubber articles such as surgical gloves, 0-nngs, gaskets, and wind- 
shield wiper blades, can be fluorinated on the surface while the interior retains the 
elastic, flexible properties of the natural rubber. Fluorinated O-nngs can be used 
without extra lubricant in corrosive atmospheres since the fluorocarbon is unreactive. 
In food-processing equipment, grease or lubricants are eliminated and do not con- 
taminate the food products. Fluorinated O-rings have smooth surfaces, very low 
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Figure 5. System for the blow molding of polyolefin containers with fluorine-nitrogen mixtures. 
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fractional coefficients, and enhanced thermal stabilities. Fluorinated windshield wiper 
blades have a very low coefficient of friction, run smoother with less squeak, their 
surface is more resistant to the sun's uv radiation and attack by ozone, and they require 
less electrical energy for operation. 

Many applications of this technique are apparent in medicine, such as surgical 
rubber gloves, rubber sheets, drain tubes, catheters, etc. Since talcum or other lubri- 
cating powder often used with surgical gloves can cause allergic reactions, thin pow- 
derless gloves are desirable. Teflon or silicone films have proved unsuccessful for 
Surgical gloves. However, an excellent direct fluorination process has been developed 
(64) whereby the inside surfaces are fluorinated under expanded conditions at elevated 
temperatures! A very smooth surface is obtained and powder is not required. At the 
" same time, the outside surface remains rough so that surgical instruments can be held 
firmly without slippage. The tactile sensitivity of the tips of the fingers seems to be 
increased, and the problem of powder forming lumps or a mudlike slush inside the 
glove is eliminated. 

Blow-Molded Containers. A surface-fluorination process has been developed for 
the blow-molding industry to produce solvent-resistant polyolefin containers (see Fig. 
5). In this application, the air which is normally used to blow mold containers is re- 
placed by a low concentration of fluorine in nitrogen. Airopak containers produced 
by this process show outstanding resistance to nonpolar solvents (44-45,65-66) and 
are being evaluated for use as vehicle fuel tanks. 
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